MicroRNAs (miRNAs) are a class of endogenous small noncoding RNAs that regulate gene expression either by degrading target mRNAs or by suppressing protein translation. miRNAs have been found to be involved in many biological processes, such as development, differentiation, and growth. However, the evolution of miRNA regulatory functions and networks has not been well studied. In this study, we conducted a cross-species analysis to study the evolution of cardiac miRNAs and their regulatory functions and networks. We found that conserved cardiac miRNA target genes have maintained highly conserved cardiac functions. Additionally, most of cardiac miRNA target genes in human with annotations of cardiac functions evolved from the corresponding homologous targets, which are also involved in heart development-related functions. On the basis of these results, we investigated the functional evolution of cardiac miRNAs and presented a functional evolutionary map. From this map, we identified the evolutionary time at which the cardiac miRNAs became involved in heart development or function and found that the biological processes of heart development evolved earlier than those of heart functions, for example, heart contraction/relaxation or cardiac hypertrophy. Our study of the evolution of the cardiac miRNA regulatory networks revealed the emergence of new regulatory functional branches during evolution. Furthermore, we discovered that early evolved cardiac miRNA target genes tend to participate in the early stages of heart development. This study sheds light on the evolution of developmental features of genes regulated by cardiac miRNAs.
Introduction
MicroRNAs (miRNAs) are noncoding, single-stranded RNAs of approximately 22 nucleotides in length and have been found to regulate many biological processes, such as development, differentiation, and growth (Bartel 2004; Filipowicz et al. 2008; Flynt and Lai 2008; Kim and Nam 2006) . By complementarily binding to target mRNA transcripts, miRNAs can downregulate gene expression or repress translation (Doench and Sharp 2004; Guo et al. 2010) . As miRNAs influence biological processes inside cells through regulating their target mRNAs, miRNA-regulated functions can be inferred from the biological processes in which the miRNA target genes participate. Previous studies have suggested that miRNA regulations are widespread in living cells and possibly influence the expression of nearly all mammalian mRNAs (Farh et al. 2005; Lewis et al. 2005; Friedman et al. 2009 ). Moreover, miRNA-regulated networks, which are formed by target genes and their interactions, have been studied. A study of miRNA regulation of cellular signaling networks concluded that miRNAs can facilitate cellular response to extracellular signals and maintain cellular homeostasis (Cui et al. 2006) . miRNA regulation of protein interaction networks has been investigated as well (Liang and Li 2007; Hsu et al. 2008; Lin et al. 2012) . These studies suggested that those genes regulated by the same miRNAs tend to form protein-protein interactions with each other. Moreover, analyses of miRNAregulated networks have also been applied to cancer research (Lee et al. 2010; Tseng et al. 2011) . These studies signify the importance of understanding the functions of miRNA-regulated networks.
The evolution of miRNAs has been extensively studied. An miRNA is rarely lost in the evolution of a species once it has been established in the species (Sempere et al. 2006 (Sempere et al. , 2007 Heimberg et al. 2008 Heimberg et al. , 2010 Peterson et al. 2009 ). The low loss rate of miRNAs during evolution has been used to investigate the phylogeny of eukaryotic organisms (Sempere et al. 2006; Lee et al. 2007; Heimberg et al. 2010) . Furthermore, miRNAs have also been suggested as developmental and evolutionary determinants of organismal complexity (Lee et al. 2007; Taft et al. 2007) . However, most of these studies focused on the evolution of miRNA genes. The evolution of miRNA-regulated networks and functions has not been well studied.
In the embryo of an animal, heart is the first organ to form and function. The cardiac developmental process is complex, and abnormalities in heart morphogenesis may lead to fatal disorders, including arrhythmias, heart failure, and sudden death (Olson and Schneider 2003; Bruneau 2008) . In recent years, miRNAs have been reported to be involved in cardiac development and functions (Cordes and Srivastava 2009; Liu and Olson 2010; Han et al. 2011; Espinoza-Lewis and Wang 2012) . For example, overexpression of miR-1 was found to inhibit cardiac hypertrophy in vitro (Care et al. 2007 ) and cause ventricular myocyte proliferation (Zhao et al. 2005) , whereas deletion of miR-1-2, a member of the miR-1 family, showed a wide range of cardiac abnormalities (Cordes and Srivastava 2009 ). MiR-133, which is clustered with miR-1, has antagonistic effects with miR-1 on the differentiation of muscle lineages: miR-133 inhibits the differentiation of ES cells into cardiac muscle, whereas miR-1 promotes ES cells toward a cardiac fate (Ivey et al. 2008) . , which has the same seed region as miR-1 and is clustered with miR-133, has been suggested to be associated with cardiac remodeling (Limana et al. 2011) . Another heart-specific miRNA, miR208a, has been reported to be required in cardiac growth under stress (van Rooij et al. 2007) , and its overexpression in mice may cause cardiac hypertrophy and arrhythmias (Callis et al. 2009 ). Besides the above, miR-21, miR-23, miR-126, miR-143, miR-199, miR-208b , and miR-499 have also been reported to participate in cardiac development, functions, or diseases (Liu and Olson 2010; Han et al. 2011; Espinoza-Lewis and Wang 2012) . We call such miRNAs as "cardiac miRNAs." Although the involvement of cardiac miRNAs in heart has been studied, the evolutionary associations between the cardiac miRNAs and heart development and functions have not been well studied.
In this article, we first studied the evolution of cardiac miRNAs, their regulatory functions and networks, and then identified the evolutionary associations between the cardiac miRNAs and heart development or functions. Also, we considered the gains and losses of miRNAs during the evolution of animals. Moreover, we aimed to identify the time when an miRNA became involved in heart development or cardiac function during its evolution. Through this analysis, we presented a functional evolutionary map of cardiac miRNAs. This map shows the evolutionary developmental (evo-devo) features of cardiac miRNA target genes in heart development and the emergence of new branches of miRNA-regulated functions and targets during evolution. In summary, our study sheds light on the evolution of miRNA-regulated networks and functions and increases our understanding of the origin and evolution of heart development.
Results and Discussion

Evolution of Cardiac miRNAs
The gains and losses of miRNAs can be studied through investigation of living representative species. On the basis of this concept, we conducted a phylogenetic analysis to investigate the evolution of cardiac miRNAs. The evolutionary map is depicted in figure 1 for the highly confident cardiac miRNAs and in supplementary figure S1, Supplementary Material online, for all of the selected cardiac miRNAs. The map immediately reveals that the cardiac miRNA rarely becomes lost during evolution, as found previously (Sempere et al. 2006 (Sempere et al. , 2007 Heimberg et al. 2008 Heimberg et al. , 2010 Peterson et al. 2009 ). This map suggests that almost all (90%) the selected cardiac miRNAs have originated before the separation of the Danio rerio lineage from other vertebrates. Interestingly, D. rerio is the most ancient species with a heart among the studied species. This observation may imply that the selected cardiac miRNAs could be related to the evolution of heart. MiR-1 is found even in organisms without heart, including nematodes and parasites (Hertel et al. 2006) , indicating that it is an "ancient" miRNA. Thus, the involvement of miR-1 in cardiac development presents a functional gain of miR-1 during heart evolution. In Drosophila melanogaster, miR-1 and miR-133 are distantly located on a chromosome and separately expressed. In our map, they are also separated into two miRNA families ( fig. 1) . In D. rerio, miR-1 and miR-133 are cotranscribed as a bicistronic cluster. Moreover, the miR-206/133 cluster was apparently derived from a duplication of miR-1/133 and subsequent evolution of one copy into miR-206 during vertebrate evolution ( fig. 1 ). After another duplication event, three miRNA clusters, including two expressed in both cardiac and skeletal muscle (miR-1-1/133a-2 and miR-1-2/133a-1) (Lagos-Quintana et al. 2002; Rao et al. 2006 ) and one in skeletal muscle (miR-206/133b ), were present in the vertebrate genome. Furthermore, according to our analysis, miR-133 has experienced four times of seed shift, before D. rerio, before Xenopus tropicalis, before Ornithorhynchus anatinus, and before Bos taurus (supplementary fig. S2 , Supplementary Material online). Notably, miR-133 is expressed in nonmuscle cells in Dr. melanogaster, but in cardiac muscle development in D. rerio (Espinoza- Lewis and Wang 2012) . This observation from our evolutionary map implies that the seed shift led miR-133 to become involved in cardiac development in vertebrates. (See more discussion on the evolution of miR-133 in the next subsection.)
Another well-known cardiac-related miRNA is the intronencoded miR-208. In marsupials and eutherian mammals, two duplicate genes of miR-208, miR-208a and b, which have the identical seed region, are found in the introns of the alpha-and beta-MHC (myosin heavy chain) genes, respectively. The expression of miR-208b is high in the embryonic heart and is controlled by miR-208a in response to stress (Callis et al. 2009; van Rooij et al. 2006 van Rooij et al. , 2009 . In our map, the origin of miR-208 can be traced to dre-miR-736, which has a mature sequence similar to that of miR-208 ( fig. 1) . Moreover, the dre-miR-736 resides in the intron of the vmhc gene, which is an MHC gene in D. rerio. Collectively, these observations suggested that the miR-208 gene existed in the vertebrate ancestor.
MiR-21 is involved in cardiac disease, and its mature sequence has been conserved throughout vertebrate evolution. In miRBase 19, miR-21 is not found for X. tropicalis. However, the frog miR-21 is predicted by our algorithm and was reported in the previous study (Heimberg et al. 2008) . Therefore, miR-21 likely exists in the genome of X. tropicalis.
MiR-199 has been reported to be involved in cardiac hypertrophy (da Costa Martins et al. 2010) , and it can be traced to D. rerio in our map ( fig. 1) . In D. rerio, the miR-199 family is hosted by the dynamin gene family, that is, miR-199-1 in the dynamin 3 gene, miR-199-2 in the dynamin 1a gene, and miR-199-3 in the dynamin 2 gene. The observation that Functional Evolution of Cardiac miRNAs . doi:10.1093/molbev/msu217 MBE knockdown of dynamin 2 and 3 caused cardiac edema (Gibbs et al. 2013) implies that the potential involvement of miR-199 in cardiac disease emerged before the branching point of the D. rerio lineage.
MiR-125b expression has been detected in the aortic wall and atrioventricular and cardiac arteries (Schneider et al. 2011) . According to our evolutionary map ( fig. 1) , it can be traced back to Dr. melanogaster. In Dr. melanogaster, miR-125 is clustered with miR-100 and let-7 and harbored by a long noncoding RNA (lncRNA), CR43344. In D. rerio, miR-125 is represented by three paralogs, miR-125a, b, and c. Interestingly, dre-miR-125a is clustered with dre-let-7d, dremiR-125b is clustered with dre-let-7a and dre-miR-100, and dre-miR-125c is clustered with dre-let-7c and dre-miR-99. According to miRBase (Kozomara and Griffiths-Jones 2011) , miR-100 and miR-99 belong to the miR-10 family. This observation implies that the three miR-125 members in D. rerio were derived from two duplication events before the emergence of the D. rerio lineage. Indeed, miR-125 was clustered with let-7 and with either miR-99 or miR-100 during FIG. 1. Distribution of the highly confident cardiac miRNAs among the animal species under study. The presence of an miRNA in a species is indicated by a rectangle in the row with the species name. Different miRNA families are separated by vertical dashed black lines, and the family name is labeled at the top of the column. An miRNA with the prefix "p-" indicates that the miRNA was predicted by our algorithm. Those with suffix -3p or -5p were derived from the 3 0 -arm and 5 0 -arm of miRNA precursor, respectively. In an miRNA family, the miRNAs with the same seed region are shown by rectangles of the same color. The similarity in the mature sequence of miRNA between species is indicated by a color line: Purple, 100%; red, 90%; blue, 80%; and gray, 70%. vertebrate evolution. Moreover, the miR-125/99/100/let-7 cluster is harbored by lncRNA AP000473.5 in human and by lncRNA 2610203C20Rik in mouse. MiR-99 and let-7 are potential cardiac miRNAs in our list. Therefore, the miR-125, miR-99, and let-7 families could have evolved together as a cluster, located within lncRNAs, implying that they are involved in cardiac development through their coregulation. The functions of miR-499 in human heart development have been discussed in previous studies (Wilson et al. 2010; Hosoda et al. 2011 ). In our evolutionary map, miR-499 can be traced back to D. rerio. MiR-499 resided in MYH7B (myosin, heavy chain 7B, cardiac muscle, beta) orthologs during its evolution in vertebrates, except X. tropicalis and O. anatinus. The mutation of MYH7B has been demonstrated to cause cardiomyopathy (Walsh et al. 2010 ) and left ventricular noncompaction cardiomyopathy (Esposito et al. 2013 ). These observations suggest that miR-499 has coevolved with MYH7B genes and is potentially involved in cardiomyopathy.
Functional Evolution of Cardiac miRNAs
To study how the cardiac miRNA-regulated functions have evolved, we investigated the functional evolution of target genes of cardiac miRNAs. First, we used an experimentally validated target gene set to evaluate the confidence of our conserved target genes of the cardiac miRNAs. We observed that 97% of the cardiac miRNAs had more than 1,000 target genes predicted by either TargetScan or miRanda, that is, the union. On the other hand, 57% of the cardiac miRNAs had less than 20 experimentally validated target genes (supplementary fig. S3A , Supplementary Material online). Thus, the union target gene set had a high false-positive rate, whereas the experimentally validated target set was incomplete. Indeed, for the conserved target gene set, the distribution of the number of target genes was in between the union and experimentally validated data set (supplementary fig.  S3A , Supplementary Material online). This observation suggested that requiring the evolutionary conservation of miRNA regulation significantly reduced the false-positive rate of the union target gene set. Second, we used the experimentally validated data set as the golden standard to evaluate the confidence of the conserved target gene set. We found that the precision and F-measure were elevated more than 3-fold, whereas the recall was reduced to about one-third by requiring the conservation of miRNA regulation (supplementary fig. S3B and C, Supplementary Material online). (F-measure is the harmonic mean of precision and recall.) Therefore, requiring the conservation of miRNA regulation seemed capable of extracting highly confident target genes from a target gene set with a high false-positive rate, for example, the union. However, the highest precision value of the conservation target gene set was only 26% with an F measure of 0.15 and therefore was inadequate. Accordingly, to strengthen our conclusion, we used the experimentally validated target gene set to confirm the result from the conserved target genes in the subsequent analyses.
Third, we used an ontology-based similarity measurement (Chabalier et al. 2007) to evaluate the functional conservation of a gene set (see Materials and Methods). To remove the possible bias from the criteria of predicting the conserved target genes, we standardized the similarity scores as the z scores using all conserved genes as the background. The conserved genes were defined as the genes that have persisted in the animal species studied. We found that the conserved target genes of highly confident cardiac miRNAs did not show a significantly higher degree of functional conservation when all functions were considered (right panel of fig. 2A , the z scores of category "All" were around 0). In contrast, if only the cardiac functions were considered, the medians of z-score distributions were around 4 (left panel of fig. 2A , category "Cardiac"). Thus, the conserved target genes of highly confident cardiac miRNAs showed a significantly higher conservation in cardiac functions. Interestingly, the above result also held for the target genes of the potential cardiac miRNAs with the lower z score (still significantly high, !3) of the cardiac function category (supplementary fig. S4 , Supplementary Material online). This observation implied that the potential cardiac miRNAs have weaker cardiac functional conservation on target genes than highly confident cardiac miRNAs. This observation can be confirmed by the experimentally validated target gene set (supplementary fig. S5A , Supplementary Material online).
To understand the above observation, we studied the functions of the orthologs of mammalian conserved target genes in the most distant species under studied. We found that most mammalian conserved target genes with cardiac functions had descended from heart-related target orthologs ( fig. 2B) . In other words, the cardiac functions of the conserved target genes of highly confident cardiac miRNAs have been highly conserved. This result was also observed in the set of potential cardiac miRNAs (supplementary fig. S6 , Supplementary Material online) and was validated by the experimentally validated target gene set (supplementary fig.  S5C and D, Supplementary Material online). Altogether, the above observations confirmed the correlation between cardiac functional conservation of target genes and the conservation of cardiac miRNA regulation on target genes. These results suggest that the highly conserved cardiac miRNA regulation has facilitated the conservation of cardiac function of cardiac miRNA target genes.
From the above observations, we presented a functional evolutionary map of cardiac miRNAs ( fig. 2C) . In this map, we divided the cardiac biological processes into two categories: cardiac development and heart function. In this study, we classified the children biological processes of heart development (GO:0007507) as "cardiac development"-related processes and those of heart process (GO:0003015) as "heart function"-related processes. Note that cardiac miRNAs began to participate in cardiac development earlier (before D. rerio) than their involvement in heart functions (after D. rerio but before O. anatinus). Thus, we may infer that cardiac development processes evolved earlier than heart functions during the evolution of cardiac miRNAs. This observation may be taken as an evo-devo feature of cardiac miRNA regulation. In this map, miR-133 started to participate in cardiac development processes before D. rerio ( fig. 2C ).
MiR-133 experienced seed shifts during its evolution (supplementary fig. S2 , Supplementary Material online). It gained the regulation of cardiac development after the first seed shift, which occurred in the ancestor of D. rerio (after its separation from the Dr. melanogaster lineage). The second seed shift, which probably occurred between the branching points for the D. rerio and the X. tropicalis lineages, became identical to that in Dr. melanogaster. After this reversed seed shift, miR-133 lost the regulation of heart development ( fig. 2C ). The third seed shift, which might have occurred between the branching points for the X. tropicalis and the O. anatinus lineages, became identical to that in D. rerio again. Interestingly, after this seed shift, miR-133 regained the regulation of heart development ( fig. 2C ). In mouse heart, both of the canonical miR-133 (UUUGGUCCCCUUCAACC AGCUG) and its 5 0 -variant (UUGGUCCCCUUCAACCAG CUGU) had been observed (Rao et al. 2009; Chiang et al. 2010) . Notably, the seed region of the miR-133 5 0 -variant is identical to the seed region of miR-133 in Dr. melanogaster and X. tropicalis. More importantly, the substantial expression of the miR-133 5 0 -variant could contribute to the progression of heart disease (McGahon et al. 2013 ). These observations imply that a seed shift in miR-133 can cause a gain or loss of the regulation of heart development by miR-133. Moreover, the results from studying miR-133 suggest that the proposed map could reveal the functional evolution of cardiac miRNAs.
FIG. 2. Functional evolution of human cardiac miRNAs. (A)
The functional conservation of the highly confident cardiac miRNA conserved target genes. The z scores of "All" are calculated from all GO functions of the target genes and those of "Cardiac" from only heart-related functions. The x axis represents the conservation score of the cardiac miRNA target genes. The highest conservation score is 1 (i.e., completely conserved). For cardiac functions, the conserved cardiac miRNA target genes show a significantly higher functional conservation (medians of z scores ! 4) than all conserved genes. (B) The cardiac functional conservation of the conserved genes targeted by the highly confident cardiac miRNAs. The y axis shows the proportion of mammalian conserved target genes, which are annotated as cardiac functions and possess heart-related orthologs among the mammalian conserved target genes of a highly confident cardiac miRNA family. The proportions for the cardiac miRNA families are significantly higher than that for the nontarget genes. The P-values were calculated by Fisher's exact test. This observation suggests that the cardiac functions of mammalian conserved genes of the highly confident cardiac miRNAs have descended from heart-related target orthologs of the same miRNA family. (C) Evolutionary map of cardiac miRNA-regulated heart-related functions. Each row represents one cardiac miRNA family whose conserved target genes are involved in cardiac development (red) or heart function (green). A column represents the most distant species to which the conserved target genes of the miRNA with the corresponding function can be traced back, starting from human. The small grids are used to represent if a cardiac miRNA regulates the specific functional category before the branching point of the corresponding evolutionary lineage. For example, in the row of "D. rerio," the left grid is colored in red, which means that miR-1 participated in "cardiac development" before the branching point of the D. rerio lineage.
MiR-1 and miR-206 have maintained the identical seed region during the evolutionary period and highly conserved from invertebrates to mammals ( fig. 1) . We further investigated the evolution of miR-1-and miR-206-regulated networks. To focus on the evolution of cardiac functions, we analyzed miR-1-and miR-206-regulated networks, which are composed of mammalian conserved target genes with cardiac function annotation. Through assigning the most distant species in which the genes were targeted by the miRNA, we can identify the novel branched targets in miRNA-regulated networks during evolution. Figure 3 shows that the common and branched targets of miR-1-and/or miR-206-regulated networks in each species. Only few targets (new branches) were gained, and the trunk of miR-1-and miR-206-regulated networks was enriched in cardiac development processes. Interestingly, the branches of miR-1 and miR-206 displayed different evolutionary trends of regulated function. The branch of miR-1 was first involved in blood-vessel-related functions, such as angiogenesis, blood circulation, and patterning of blood vessels, and later in heart development-related functions, whereas the branch of miR-206 showed the reverse trend. This observation suggests that the networks regulated by miRNAs of the same family, that is, miRNAs with the identical seed region, may gain different regulatory functions during evolution. Figure 2C suggests that miR-208 began to participate in cardiac development before the branching point for the X. tropicalis lineage. However, the origin of miR-208 could be traced back to miR-736 in D. rerio ( fig. 2C ). Thus, we tested whether miR-736 is involved in the heart development of D. rerio. To see whether loss of miR-736 has any impact on cardiac development, injection of morpholino oligonucleotides complementary to miR-736 was conducted. The morphants were then subjected to in situ hybridization to examine changes in cardiac morphology. The small heat shock protein Hspb7 was chosen as an indicator for this purpose. Previous studies have reported that in 2dpf zebrafish larvae, hspb7 is mostly expressed in the heart (Marvin et al. 2008) , and hspb7 is colocalized with myl7, which is a cardiac-specific marker in the heart field at 22 somites (Lahvic et al. 2013) . Genetic loss of hspb7 leads to disrupted cardiac morphogenesis in zebrafish (Rosenfeld et al. 2013) , suggesting that Hspb7 plays a critical role in cardiac development. In our study, the expression pattern of Hspb7 displayed no discernible disturbance ( fig. 4A and B) , implying the dispensability of miR-736 in D. rerio heart development. Overexpression of miR-736 by injecting miR-736 mimic into zebrafish embryos also displayed no discernible disturbance on the expression pattern of Hspb7 ( fig. 4C  and D) . These results imply that in D. rerio, miR-736 is not involved in the heart development. It is consistent with our map.
In summary, the proposed map ( fig. 2C ) provides insights into the regulatory functional evolution of cardiac miRNAs 
Evolutionary Developmental Features of Target Genes
In the proposed map of functional evolution, we found that, during the evolution of cardiac miRNA regulation, cardiac development processes evolved before specific heart functions. To pursue this issue further, a stage score was used to evaluate at which cardiac development stage the target genes tend to participate. We observed a positive correlation between the stage score and the most distant species to which the target gene can be traced back ( fig. 5A ). In general, the most distant species is the species that shows the existence of the gene under study. In this study, the most distant (targeted) species of a target gene is the species that the existence of the conserved cardiac miRNA-mRNA interaction under study. Thus, our results indicated that early evolved targeted genes of highly confident cardiac miRNAs tend to participate in the early stages of heart development. Importantly, this trend is also supported by the experimentally validated target gene set (supplementary fig. S5E , Supplementary Material online). These results may reveal a possible evolutionary developmental (evo-devo) feature of cardiac miRNA target genes in heart development and evolution. Notably, this positive correlation is not observed for the heart developmental genes, which were not required to be targeted by the selected cardiac miRNAs.
We tried to confirm the spatiotemporal regulations between the cardiac miRNAs and target genes either during cardiac development or in the adult heart. We obtained the heart-expressed genes and miRNAs from mouse genome informatics (MGI) and separated them into two groups: during cardiac development and in the adult heart. We found that the conserved target genes of most of the selected cardiac miRNAs (97%) were significantly enriched with heart-expressed genes either during cardiac development or in the adult heart (supplementary fig. S7 , Supplementary Material online). Note that the following analysis of the spatiotemporal regulation between cardiac miRNAs and their target genes was conducted in mouse only, so the results may not be applied to the other species included in this article.
Among the selected cardiac miRNAs, miR-1, miR-208a, miR-208b, miR-92, miR-27, miR-20, and miR-17 were expressed both during cardiac development and in the adult heart. Consistently, the conserved target genes of miR-1, miR-92, miR-27, miR-20, and miR-17 were significantly enriched with heart-expressed genes both during cardiac development and in the adult heart (supplementary fig. S7 , Supplementary Material online). This result suggested that the regulatory functions of the above cardiac miRNAs are exerted both during cardiac development and in the adult heart. Interestingly, the conserved target genes of miR-208a and miR-208b were only enriched with heart-expressed genes in adult heart, implying that the regulatory functions of miR208a and miR-208b occur mainly in adult heart. Additionally, miR-125 was only evidently expressed in the adult heart, and its conserved target genes were enriched with heart-expressed genes only in the adult heart (supplementary fig. S7 , Supplementary Material online). This coordinated expression suggested that miR-125 does its regulation mainly in the adult heart. MiR-133, miR-29, and miR-27 were only reported to be expressed in the adult heart by MGI. Interestingly, the conserved target genes of these three miRNA families were enriched with heart-expressed genes both during cardiac development and in the adult heart (supplementary fig. S7 , Supplementary Material online). MiR-133 has been reported to be expressed in cardiac development from E8.5 until adulthood (Zhao et al. 2005; Liu et al. 2007) . The miR-133-null mice showed abnormalities in cardiac structure (Liu et al. 2008 ). MiR-27 was evidently expressed at E10.5, E12.5, and E18.5 in developing heart and involved in ventricular maturation (Chinchilla et al. 2011 ). However, we did not find further evidence for miR-29 expression during cardiac development. The above observations largely confirm the spatiotemporal regulations between the cardiac miRNAs and their target genes in the heart. We found that the human-mouse dN/dS ratios of the cardiac miRNA target genes involved in cardiac development were significantly smaller than those of nontargets (the boxplot of fig. 5, 0 .10 vs. 0.17 on average, P < 2.2 Â 10 À16 , Wilcoxon rank sum test). The human-mouse dN/dS ratios were obtained from Ensembl BioMart (Flicek et al. 2013) to assess the intensity of natural selection on a gene. The lower dN/dS ratios indicate that the target genes are under stronger purifying selection. This result also held for the experimentally validated target gene set (the boxplot of supplementary fig.  S5F , Supplementary Material online, 0.08 vs. 0.16 on average, P < 2.2 Â 10
À16
, Wilcoxon rank sum test). When we considered the dN/dS ratios separately for the most distant species to which a target gene can be traced back in evolution, we found a positive correlation between the dN/dS ratio and the most distant species to which the target gene can be traced back (R 2 = 0.90) ( fig. 5B ). This positive correlation was also observed in the heart developmental genes, but cardiac miRNA target genes possess lower dN/dS ratios over all species studied ( fig. 5B) . We also observed a consistent trend on the experimentally validated target gene set (supplementary fig. S5F , Supplementary Material online). Note that the most distant species of target gene is the species with the existence of the cardiac miRNA-mRNA interaction under study. These results, combined with the previous result, suggest that early evolved target genes of cardiac miRNAs tend to participate in the early stages of heart development and have been subjected to stronger purifying selection. These and the above results highlight the evo-devo features of cardiac miRNA target genes.
Among all conserved target genes involved in heart development, PDCD10 can be traced back to Dr. melanogaster. In the mouse model, Pdcd10 was reportedly detected at E10.5 (chamber formation) in the heart during the cardiovascular development (Petit et al. 2006) , implying that Pdcd10 may be required for cardiovascular development in mice. The orthologs of PDCD10 are found in Caenorhabditis elegans and Dr. melanogaster as ccm-3 and Ccm3, respectively. Ccm3 is a protein-coding gene with unknown function but is expressed in the caudal region of the adult dorsal vessel of fruit fly (Cammarato et al. 2011) . In short, PDCD10 could be involved in the development of mammal heart, and its ortholog in fruit fly was reported to be expressed in the organ that acts as insect's heart. This observation implies that fruit fly Ccm3 might represent an early origin of cardiac development regulation and that PDCD10 could be an evo-devo gene.
In summary, our analysis sheds light on the functional transition from early to late evolved targets and may help infer the origin of heart development process.
Materials and Methods
Collecting Cardiac miRNAs
We collected the cardiac miRNAs from 209 articles published by April 13, 2014, according to PubMed. The search keyword is "(microRNA OR miRNA OR miR) AND ("developmental heart" OR cardiogenesis OR "developing heart" OR "cardiac development")." The miRNAs that were shown to be involved in cardiac development through animal model experiments, for example, knock-down, in situ hybridization, or From each stage score, we can evaluate the heart developmental stage in which the target genes tend to participate. The stage score is positively correlated with the most (targeted) distant species to which the conserved cardiac miRNA target genes can be traced back. With respect to all heart developmental genes, no correlation was observed. Note that the heart developmental genes used here excluded the target genes of the selected cardiac miRNAs. A possible evo-devo feature of the cardiac miRNA target genes is shown here. (B) The conserved cardiac miRNA target genes under stronger purifying selection. The y axis represents the mean of dN/dS ratios for each target gene category. For target genes, the x axis represents the most distant (targeted) species to which the conserved cardiac miRNA-mRNA interactions of interest can be observed. For the heart development genes, the most distant species is the species that shows the existence of the gene under study. The dN/dS ratios of conserved cardiac miRNA target genes are significantly lower than that of the heart developmental genes and nontarget genes.
2729
Functional Evolution of Cardiac miRNAs . doi:10.1093/molbev/msu217 MBE polymerase chain reaction, were considered candidates. We excluded those miRNAs suggested only by microarray experiments, for example, differential expression. We obtained a total of 37 candidate miRNAs. We divided these candidates into two groups, "highly confident" and "potential." The highly confident cardiac miRNAs were supported by at least two studies, whereas all the other candidates were classified as potential. The detailed information was recorded in the supplementary file S1, Supplementary Material online.
The mature sequences of cardiac miRNAs in eight species, C. elegans, Dr. melanogaster, D. rerio, X. tropicalis, O. anatinus, B. taurus, Mus musculus, and Homo sapiens, were obtained from miRBase Release 19 (Kozomara and Griffiths-Jones 2011) . The similarity of miRNA mature sequences between species was calculated by ClustalW2 (Larkin et al. 2007) . According to TargetScan , miRNAs with an identical seed region were grouped in a family. Using these criteria, we obtained a total of 33 candidate miRNA families.
Predicting miRNAs in a Genome
To determine whether a human miRNA gene exists in a distantly related species is not a simple task. Most previous studies used Basic Local Alignment Search Tool (BLAST) to search homologous human miRNAs in distant genomes, so that only highly conserved miRNAs were found. We have developed a more sensitive search method. First, to search for homologous sequences of a known miRNA mature sequence in a genome, we designed a "swing match" algorithm ( fig. 6A ). Different from BLAST, our method uses a sliding window of the mature sequence length to scan the whole target genome, shifting one base at one time. In each scanning window, our method calculates the position-specific dinucleotide similarities between the mature sequence and a target sequence at each position and the two adjacent positions with one base shift in the 3 0 -or 5 0 -direction. In general, let S a and S b be two sequences with l nucleotides in length and let s a (i) and s b (i) be, respectively, the dinucleotide of S a and S b at the ith position, where 1 i l À 1. Then, we define a matching score c(s a (i), s b (i)), which uses otherwise;
The average matching score between S a and S b is defined as
cðs a ðiÞ; s b ðiÞÞ:
Because the average matching score using S a to scan S b may be different from that using S b to scan S a , we define a similarity score D(S a , S b ), called the swing dinucleotide score, as
To determine the minimum threshold value of I(S a , S b ), we calculate the distribution of scores for all possible pairs of all annotated miRNA mature sequences in human, zebrafish, lancelet, fruitfly, and worm. Because less than 0.2% of pairs have I(S a , S b ) ! 0.6, we use ! 0.6 as the threshold in this study. Second, for each miRNA candidate predicted by the above method, we generate all possible precursor sequences of 72 bp from the flanking sequences and check whether they can form a good secondary structure by RNAfold (Liu and Olson 2010) using the minimum free energy rule (Zuker and Stiegler 1981) . Finally, we remove low confident candidates if: 1) its precursor cannot fold into a good hairpin structure or folds into a structure with over one branch in the stem, 2) the proportion of base-pairing bases is less than 70% on the stem part, or 3) it is located in repeat regions.
One problem with BLAST is that it may not be able to identify short homologous sequences with some mismatches or gaps. However, two miRNA mature sequences that were derived from a common ancestor may have some gaps (indels) between them, so that they may not be identified by BLAST as two homologous sequences. Our swing match algorithm takes gaps into consideration and is therefore more sensitive in homolog search than BLAST. As an example, in a BLAST search, no homolog of miR-21 can be found in frog (X. tropicalis) with E value 100 and word size = 7 when the mature sequence of miR-21 in human or fish is used as the query sequence. In contrast, our search method can identify a candidate of miR-21 in frog with a similarity of 83% to the miR-21 in zebrafish ( fig. 6B ).
Identification of Conserved miRNA Target Genes
To identify the putative target genes of miRNA, we downloaded the 3 0 -UTR sequences of mRNAs and the gene sequences in the eight species included in our study from Ensembl BioMart (Flicek et al. 2013) . Additionally, we complemented the incomplete 3 0 -UTR annotation of X. tropicalis and O. anatinus by using the sequence AAUAAA as the signal to predict the 3 0 -UTR of an mRNA that has no known 3 0 -UTR annotation. AAUAAA is a highly conserved cleavage/polyadenylation signal and is found in 90% of all sequenced polyadenylation elements (Proudfoot and Brownlee 1976; Wahle and Keller 1996; Colgan and Manley 1997; Beaudoing et al. 2000) . To reduce the false-positive rate, the nearest signal to the end of coding sequence is used.
TargetScan Ruby et al. 2007; Jan et al. 2011 ) and miRanda (Enright et al. 2003) were used to predict putative miRNA target genes in the eight species studied. The cutoff score of miRanda was set to be 140. The union of all predicted target genes from these two prediction methods was then used as the initial potential target gene pool. We used the union instead of the intersection to avoid the target gene pool being dominated by predictions based solely on the seed region (i.e., predictions by TargetScan). To reduce the false-positive predictions, we required evolutionary conservation as described below. For an miRNA family conserved across n species, we collected a target gene set in each of the n species from the potential target gene pool. Then, a target mRNA of the miRNA family and its orthologs, which were the predicted target mRNAs of the miRNA family in the other species, were considered the conserved target mRNAs of the miRNA family. We defined the conservation score of a target mRNA as the proportion of the species in which this miRNA-mRNA interaction can be detected. For example, if miRNA family i has been conserved across n species, a target mRNA and its orthologs predicted as targets of miRNA family i in k species is assigned a conservation score of k/n. Accordingly, the highest conservation score is 1 (i.e., complete conservation), whereas the lowest score is 0. To add a further restriction, we required the conserved target mRNAs to be detected in both the oldest and youngest species; thus, k is from 2 to n. In this study, we used the conserved target gene sets to analyze the evolution of miRNA regulatory functions and networks. By avoiding the domination of predictions based on seed regions and adding the conservation requirement, we can investigate the functional branches of miRNAs in the same family, which consists of miRNAs with the same seed region, during their evolution.
Moreover, to confirm our results from the conserved target genes, we compiled an experimentally validated miRNA target gene set from three databases, TarBase V5.0 (Papadopoulos et al. 2009 ), miRecords (Xiao et al. 2009 ), and miRTarBase V4.4 (Hsu et al. 2011) in human. In total, we obtained 21,849 experimentally validated miRNA-mRNA interactions in human. Then, we combined this target gene set with the predicted target gene sets in other species to generate the experimentally validated conserved target gene sets. (As the homologs of experimentally validated human target genes in other studied species were not validated, we did not require the experimental validation for those target genes in nonhuman species.)
Degree of Functional Conservation
In this study, we apply an ontology-based similarity between genes (Chabalier et al. 2007) to evaluate the degree of functional conservation of the conserved gene set. The functional similarity between genes g 1 and g 2 is defined as:
where F(g i ) is the set of functional annotations of g i from Gene Ontology (GO). In other words, this ontology-based similarity is defined as the proportion of shared functions between the two genes, and it varies from 0 (no similarity) to 1 (complete similarity). Next, we define the degree of functional FIG. 6 . A diagram of the swing match algorithm and a predicted miR-21 sequence in the frog genome. (A) A dinucleotide sliding window of a query sequence scanning a target sequence from the 5 0 -to 3 0 -end. In a window, the matching score is 1 if there is any match between the dinucleotide at position i on the query and one or more of the three dinucleotides at positions i À 1, i, and i + 1 of the target sequence. Otherwise, the matching score is 0 for the window at position i. In the example shown, the dinucleotide at position i of the query sequence is AT and the possible dinucleotides at position i À 1, i, and i + 1 of the target sequence are AT (dashed-line window), TG (solid-line window), and GC (dotted-line window), respectively. Because window i on the query sequence matches window i À 1 on the target sequence (i.e., AT), the matching score is 1 at position i. (B) A predicted miR-21 homolog (sequence in bold face) in the Xenopus tropicalis genome. The sequence similarity between the candidate in the X. tropicalis genome and zebrafish miR-21 is 83%.
Functional Evolution of Cardiac miRNAs . doi:10.1093/molbev/msu217 MBE conservation of the conserved gene set G as: where D(G) is the degree of functional conservation of the conserved gene set G, i and j are two member genes of G, and n is the number of member genes in G. D(G) varies from 0 to 1, and a higher D(G) means that a larger proportion of functions in G has been retained during evolution. We further standardized the similarity scores as z scores by using the all similarity score of all conserved gene sets as the background. The used z score to standardize the degree of functional conservation as follows:
where Z(G) is the z score of functional conservation of the target gene set G and GðGÞ and STDEVðGðGÞÞ are the mean and standard deviation of D(G) of all conserved gene sets, respectively. In addition, this standardization can remove the possible bias of the degree of functional conservation, which could be caused by the conservation criteria of predicting the conserved target genes.
Evo-Devo Analysis
According to Bruneau (2008) , we divide heart development into seven stages: Cardiac crescent, linear heart tube, looping heart, chamber formation, ventricular septation, atrial septation, outflow tract septation, and adult. To look into the evodevo features of miRNA target genes, we propose a developmental stage score D as follows:
where P i is the proportion of genes involved in stage i, and S i is a predefined index of stage i, which runs from 1 to 7. The stage in which the gene is expressed is used to determine the S i of each target gene. The expression profiles of target genes were obtained from MGI (Finger et al. 2011) . From this proposed stage score, we can evaluate the stage in which a tested gene participates.
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